Listeria infection during pregnancy can cause the death of both mother and fetus. Previous studies established that immunostimulatory CpG oligodeoxynucleotides (ODN) increase the resistance of healthy adult mice to many infectious pathogens, including Listeria monocytogenes. This study examines whether the innate immune response elicited by CpG ODN can reduce the susceptibility of pregnant mice to lethal listeria challenge. The results indicate that CpG ODN treatment significantly improves maternal survival and reduces pathogen transmission to offspring. CpG ODN administered during pregnancy did not induce abortion, birth defects, or reduce the size or health of litters. These findings suggest that CpG ODN may provide a safe and effective means of improving the health of mothers and fetuses during pregnancy.
Pregnancy leads to a generalized suppression of the adaptive immune system, typified by significantly decreased cell-mediated immunity and reduced Th1 responsiveness (25, 31, 33, 38, 39) . This immunosuppressed state prevents maternal rejection of the fetus (31, 33) but has the unfortunate consequence of increasing maternal susceptibility to certain infectious agents (24, 35) .
Listeria monocytogenes is a gram-positive intracellular bacterium that is a common cause of maternal infection (37, 40) . This pathogen can be transmitted from mother to fetus, substantially increasing the risk of abortion, stillbirth, congenital malformations, and neonatal mortality and morbidity (2, 26, 40) . In the absence of preexisting maternal vaccination, there is no widely accepted strategy for preventing infection, since immunomodulatory therapy runs the risk of adversely affecting the neonate.
Rapid activation of the innate immune system can limit the early spread of listeriae, allowing the host to develop sterilizing adaptive immunity (17, 21) . The innate immune system is activated when Toll-like receptors (TLR) expressed by immune cells recognize pathogen-associated molecular patterns (PAMPs) expressed by infectious microorganisms (1, 28) . CpG motifs present in bacterial DNA act as PAMPs (11, 18, 22, 41) , interacting with TLR-9 to trigger an innate immune response in which lymphocytes, dendritic cells, and macrophages are stimulated to produce immunoprotective cytokines and chemokines (3, 9, 11, 14, 18, 22, 34, 36) . Treatment with CpG oligodeoxynucleotides (ODN) can improve the resistance of normal adult mice to a variety of bacterial, viral and parasitic pathogens (6, 7, 15, 23, 30, 32, 42) . This immunoprotective effect peaks several days after CpG ODN administration and persists for several weeks (6, 19, 23) .
The current study was undertaken to determine whether CpG ODN can be of benefit during pregnancy, improving survival after listeria infection. The results indicate that CpG ODN treatment effectively stimulates the innate immune system of pregnant mice, improves maternal survival, and prevents pathogen transmission to offspring.
MATERIALS AND METHODS
Reagents. CpG (GCTAGACGTTAGCGT) and control (GCTAGAGCTTA GGCT) phosphorothioate ODN were synthesized at the CBER core facility. All ODN were free of endotoxin and protein contamination, as determined by chromogenic Limulus amoebocyte lysate and bicinchoninic acid protein assays (Pierce Biotechnology, Rockford, Ill.). Polypeptides from the listeriolysin O (LLO) protein encoding a CD8-specific epitope (LLO 91-99) and a CD4-specific epitope (LLO 189-200) were also synthesized at the CBER core facility.
Animals. BALB/c mice were purchased from the National Cancer Institute (Frederick, Md.). Animals were housed in sterile microisolator cages in a barrier environment in the CBER specific-pathogen-free animal facility. All experiments were approved by the local Animal Care and Use Committee. Mice were bred at 8 to 16 weeks of age. Appearance of a vaginal plug marked day 0 of pregnancy, at which time male mice were removed. Pregnant mice were injected intraperitoneally (i.p.) with 150 l of phosphate-buffered saline (PBS) or 150 g of ODN on day 10. Three to six days later, the animals were challenged i.p. with 50 50% lethal dose(s) (LD 50 ) (i.e., 10 5 PFU) of L. monocytogenes, as previously described (6, 19, 23) . Survival was monitored for 3 weeks.
Preparation of bacteria. L. monocytogenes strain EGD (ATCC 15313; American Type Culture Collection, Manassas, Va.) was grown in brain heart infusion broth (Becton Dickinson, Sparks, Md.). Aliquots were frozen at Ϫ70°C and thawed immediately prior to use. The severity of infection was monitored by culturing serial 10-fold dilutions of homogenized liver preparations in brain heart infusion agar plates at 37°C (6) .
Cytokine assays. A total of 2 ϫ 10 5 splenocytes/well were incubated with CpG or control ODN in flat-bottom microtiter plates (Costar, Corning, N.Y.) in RPMI 1640 supplemented with 5% heat-inactivated fetal calf serum, 1.5 mM L-glutamine, and 100 U of penicillin-streptomycin/ml for 48 h. Levels of gamma interferon (IFN-␥), interleukin-12 (IL-12), and IL-6 in the supernatants of these cultures were quantified by enzyme-linked immunosorbent assay as previously described (18) . In brief, 96-well Immulon H2B plates (Thermo LabSystems, Franklin, Mass.) were coated with cytokine-specific antibody and then blocked with PBS-1% bovine serum albumin. Plates were incubated with culture supernatant, washed, and treated with biotinylated anti-cytokine antibody, followed by streptavidin-alkaline phosphatase. Cytokine concentrations were determined colorimetrically by comparison to standard curves generated with recombinant cytokines. The detection limit of these assays was 0.05 U/ml for IFN-␥, 0.3 ng/ml for IL-12, and 0.1 ng/ml for IL-6. All assays were performed in triplicate or quadruplicate.
Cytokine ELIspot assays. Single-cell suspensions were prepared from mouse spleens. A total of 5 ϫ 10 5 splenocytes/well were stimulated for 8 to 10 h with heat-killed listeriae (5 ϫ 10 5 CFU/ml) in flat-bottom 96-well Immulon-2 plates previously coated with monoclonal anti-cytokine antibody (20) . Alternatively, 5 ϫ 10 5 cells were cultured in round-bottom 96-well microtiter plates with 10
Ϫ6
M CD4-or CD8-specific LLO peptides for 6 to 8 h and then transferred to anti-IFN-␥ antibody-coated plates. Cells were incubated overnight at 37°C with 10 Ϫ6 M CD4-or CD8-specific LLO peptides. The plates were then washed and treated with biotinylated anti-IFN-␥ antibody, followed by streptavidin-alkaline phosphatase. Spots were visualized by the addition of BCIP (5-bromo-4-chloro-3-indolylphosphate) phosphatase solution (Sigma, St. Louis, Mo.) in low-melting-point agarose (Sigma) (20) and counted manually under ϫ40 magnification. The number of cytokine-secreting cells was determined by a single-blinded reader, who analyzed the number of spots in three separate wells per sample.
Statistics. Differences in survival, abortion, and infection rates were determined by using the chi-square and Wilcoxon rank-sum tests. All experiments involving cytokine production were repeated at least twice and involved at least two independently studied mice per group per experiment. The statistical significance was evaluated by using the two-tailed Student t test. P values of Ͻ0.05 were considered significant.
RESULTS

Immune cells from pregnant mice respond to CpG ODN.
The capacity to mount an antigen-specific Th1 response is suppressed during pregnancy (5, 12) . To evaluate whether activation of a TLR-9-mediated innate immune response is similarly compromised, spleen cells from pregnant BALB/c mice were stimulated in vitro with CpG and control ODN. As seen in Fig. 1 , spleen cells from pregnant and virgin female mice responded similarly to low and high concentrations of CpG ODN by increasing their production of the Th1 and proinflammatory cytokines IL-12, IFN␥, and IL-6. Control ODN had not such effect, establishing that the induction of cytokine secretion was CpG specific.
To examine whether CpG ODN treatment might improve the innate immune response to PAMPs, pregnant mice were injected with 150 g of CpG or control ODN. Three days later, spleen cells from these animals were stimulated in vitro for 10 h with heat-killed listeriae. The exposure to heat-killed listeriae induced significantly greater IFN-␥ and IL-12 production from cells of the CpG versus the control ODN-treated group (P Ͻ 0.05, Fig. 2 ).
Effect of CpG ODN on the susceptibility of pregnant mice to L. monocytogenes infection. Previous studies established that CpG ODN trigger an innate immune response that can reduce the susceptibility of normal nonpregnant mice to a variety of infectious bacteria, including the model pathogen L. monocytogenes (6, 19, 23) .
L. monocytogenes is of particular relevance during pregnancy, since pregnancy increases susceptibility to infection by this pathogen as manifest by a 10-fold reduction in LD 50 from 2 ϫ 10 4 CFU in a naive female mouse to 2 ϫ 10 3 CFU in a pregnant mouse. Building on studies showing that (i) the induction of IFN-␥ by CpG ODN enhances protection from listeria infection, (ii) CpG-induced protection peaks 3 days after ODN administration (6, 19, 23) , and (iii) perinatal infection occurs most frequently during the second half of pregnancy (2, 26, 40) , BALB/c mice were treated with CpG ODN on day 10 of gestation and challenged with L. monocytogenes 3 to 6 days later.
Nearly all pregnant mice treated with PBS or control ODN succumbed to challenge by 50 listeria LD 50 (Fig. 3 ). In contrast, Ն80% of mice treated with CpG ODN 3 to 6 days prior to challenge survived L. monocytogenes infection (P Ͻ 0.001).
Consistent with studies in normal mice showing that the CpGmediated protective response requires several days to mature in vivo (6, 19, 23) , protection was not observed when ODN treatment was delayed until 1 day after infection (Fig. 3) . To evaluate the effect of CpG treatment on pathogen proliferation, the number of bacteria present in the liver of challenged animals (the primary locus of infection) (4) was monitored. The number of microorganisms increased rapidly over time in mice treated with PBS or control ODN, with all animals succumbing to infection by day 4 (Fig. 4) . By comparison, the number of infectious organisms in CpG-treated animals rose slowly for 3 days (P Ͻ 0.05) and then began to wane. We found 75% of the animals to be free of listeriae by day 5, a result consistent with the 85% survival rate observed above ( Fig. 3  and 4) . (Table 1 ). In contrast, litters were successfully delivered by 17 of 20 pregnant mice treated with CpG ODN. The mean litter size in the CpG-treated group was 5.9 Ϯ 2.2, which did not differ significantly from the size of litters born to uninfected mothers (5.2 Ϯ 2.3) but was nearly 50% higher than the four pups resulting from the one successful delivery by an infected mother in the absence of CpG treatment (Table 1) .
When pregnant mice were "treated" with PBS or control ODN and then challenged with listeria, transmission of the pathogen to fetuses increased over time, rising from 0% on day 1 to Ͼ35% by day 3 (Fig. 5) . Similarly, the number of bacteria in the liver of infected fetuses rose significantly over time (Fig.  5) . In contrast, there was no pathogen transmission among the 124 fetuses derived from CpG-treated mothers (although 13 of 17 of these mothers had ongoing infection, Fig. 4 ) and there was no infections among any of the 111 pups born from CpGtreated mothers. These results indicate that CpG treatment significantly reduces the risk of maternal-fetal transfer of listeriae.
Effect of CpG ODN treatment on the development of longterm pathogen-specific immunity. Previous studies established that mice surviving listeria challenge develop long-lasting pathogen-specific immunity (19) . Consistent with that finding, spleen cells from normal adult mice exposed to a sublethal listeria dose mount a strong IFN-␥ response when stimulated in vitro with peptides that selectively activate listeria-specific CD4 and CD8 T cells (Fig. 6) . In contrast, spleen cells from naive adult mice did not respond to these peptides. 13 . The mean number of viable bacteria in the liver of these mice was monitored, as was the number of infected mice/total. All PBS-treated animals succumbed to challenge by day 4. ❋, P Ͻ 0.05.
VOL. 72, 2004 CpG TREATMENT OF FETAL-MATERNAL LISTERIAL INFECTION
To examine the development of T-cell-mediated immunity in CpG-treated pregnant mice, spleen cells were isolated 3 days or 1 month after listeria challenge. At the 1-month time point, peptide-specific IFN-␥ production equal in magnitude to that observed in listeria-immune normal mice was elicited (Fig.  6 ). These mice were also resistant to listeria challenge (Table  2 ). In contrast, spleen cells isolated from CpG-treated mice 3 days after listeria exposure did not respond to peptide stimulation (Fig. 6 ). These findings confirm previous reports showing that CpG ODN trigger an early protective innate immune response but that pathogen exposure leads to the subsequent development of antigen-specific immunity (6, 19) .
The response of the offspring of CpG treated mothers was also examined. At 1 month of age, spleen cells from these mice did not respond to listeria-specific T-cell peptides (Fig. 6) . Moreover, these animals were not resistant to challenge by listeriae (Table 2 ). These findings suggest that neonatal mice were not exposed to listeria antigens in utero and thus did not develop listeria-specific immunity.
Safety of CpG ODN treatment during pregnancy. The present findings suggest that CpG treatment may benefit both pregnant mice and their offspring. To examine the safety of such therapy, parameters such as maternal health, abortion rates, litter size, and the birth weight of pups were evaluated. ODN treatment had no discernible effect on the health of the mothers: all remained physically vigorous and gave birth at term. There was also no difference in the number of newborns/ litter (Table 1 ) or in the weight of the newborns derived from CpG ODN-treated (1.31 Ϯ 0.15) versus control (1.34 Ϯ 0.11) animals. None of the offspring had detectable congenital malformations nor did they show any defects and/or delays in development.
DISCUSSION
This study examined the ability of CpG ODN to improve the resistance of pregnant mice to L. monocytogenes infection, and the impact of such treatment on fetal survival. The results indicate that pregnant mice can be treated safely with CpG ODN prior to pathogen exposure, with treatment significantly improving maternal survival after listeria challenge (P Ͻ 0.001). CpG treatment also significantly reduced listeria-induced abortion (P Ͻ 0.001), pathogen transmission to the fetus (P Ͻ 0.001), and fetal death. These effects were clearly attributed to the expression of CpG motifs, since control non-CpG ODN did not mediate immune protection.
Pregnancy reduces antigen-specific Th1 and cell-mediated immune responsiveness (25, 31, 33, 38) . This diminution in immunoreactivity helps protect the fetus from rejection (31, 33) but increases maternal susceptibility to infection by pathogens such as listeria (24, 35) . Previous studies established that CpG ODN stimulate the innate immune system of normal adult animals, thereby improving host resistance to infection by a variety of bacterial, viral, and parasitic pathogens (6, 7, 15, 19, 23, 27, 29, 30, 32, 42) . The present study evaluated whether these ODN could improve the innate immune response in animals whose adaptive immune system was compromised by pregnancy.
Our initial findings demonstrated that immune cells from pregnant mice responded normally to CpG ODN in vitro, as reflected by their production of Th1 and proinflammatory cytokines when stimulated with high or low concentrations of ODN (Fig. 1) . Spleen cells from CpG-treated pregnant mice were shown to mount a significantly stronger response to heatkilled bacteria than cells from mice treated with control ODN (Fig. 2) . This preceded pathogen challenge and thus must reflect activation of the innate rather than adaptive immune system. A model was developed to monitor the effect of ODN treatment on survival during pregnancy. Mice were treated with ODN on day 10 of gestation and challenged with 50 L. monocytogenes LD 50 on day 13. Listeria was selected as the model pathogen both because it causes infection during human pregnancy and is responsive to CpG-mediated immunity (6, 19, 23) .
Results show that CpG treatment protected pregnant mice from listeria challenge (Fig. 3) . In contrast, protection was not observed when treatment was delayed until after challenge (Fig. 3) . This is consistent with findings in normal mice indicating that the immunoprotective cascade elicited by CpG administration requires 3 days to reach optimal activity in vivo (6, 19, 23) . FIG. 5. Transmission of listeria infection from mother to fetus. Fetuses were isolated from the pregnant mice studied in Fig. 3 . The mean number of viable bacteria in the liver of these mice is shown, as is the number of infected mice/total. Note that infection rates were significantly higher among fetuses from PBS (})-or control ODN (OE)-treated mothers versus those treated with CpG ODN (ᮀ). ❋, P Ͻ 0.05.
Although the cell types directly responsible for protection in this model were not identified, recent work from our lab indicates that plasmacytoid dendritic cells (pDC) play a key role in CpG-mediated protection against listeria. Studies in normal mice show that CpG ODN stimulate pDC to proliferate, that purified pDC isolated from mice treated with CpG ODN can transfer protection to naive mice, and that CpG treatment fails to protect pDC-deficient mice (work in progress). However, additional cell types also contribute to CpG-mediated immunity, including natural killer cells, macrophages, and B cells (3, 6, 22) . In this context, results shown in Fig. 2 demonstrate that CpG treatment enhances the ability of spleen cells to produce IFN-␥ and IL-12 when exposed to bacterial antigens in vitro.
These cytokines are known to play an important role in protection against listeriae (10, 13, 16) . Further evidence that T cells did not contribute to initial in vivo protection induced by CpG treatment was the inability of cells isolated 3 days after infection to respond to stimulation by a CD4-or CD8-restricted peptide. However, an adaptive immune response was eventually generated after pathogen exposure, as manifested by T-cell-specific immunity to listeria-derived peptides 4 weeks after challenge (Fig. 6 ). This constellation of findings suggests that CpG ODN induce an early innate immune response that improves host resistance to initial pathogen challenge and promotes the subsequent development of pathogen-specific immunity (6, 17, 19, 21) .
Neonatal listeriosis is a life-threatening illness that results from maternal infection during the later half of pregnancy (37) . The effect of CpG treatment on the transmission of listeriae to the fetus was evaluated. Whereas Ͼ35% of fetuses from infected mothers treated with PBS or control ODN became infected with listeriae by 3 days after maternal challenge, none of the fetuses from CpG-treated mice became infected (P Ͻ 0.001; Fig. 5 ). Further studies indicate that fetal mice in CpG-treated mothers were never exposed to listeriae in utero, since (i) none of these animals died from infection after delivery and (ii) none developed pathogen-specific T-cell immunity after delivery (unlike their mothers; Fig. 6 ).
Exposure to certain TLR ligands (such as lipopolysaccharide) can increase abortion and fetal resorption rates, effects associated with the production of IFN-␥ and tumor necrosis factor alpha (8) . In the present study, pregnant mice showed no adverse effects from CpG treatment, remaining healthy and vigorous. This finding is consistent with studies of normal adult animals and ongoing clinical trials in humans indicating that CpG ODN can be administered safely (19, 21) . Moreover, none of the pregnant animals treated with CpG ODN aborted, nor did treatment affect the litter size, fetal birth weight, or induce developmental or growth abnormalities in the offspring (Table 1) . Thus, these findings support the possibility that CpG a BALB/c mice were challenged i.p. with 10 to 100 LD 50 of L. monocytogenes. Challenge groups included normal adult controls, females treated with CpG ODN and challenged with listeria during pregnancy, and the offspring of these CpG-treated mothers. The latter two groups were challenged 4 weeks postdelivery. Note that the survival of CpG-treated mothers was significantly greater than that of the two other groups (P Ͻ 0.001). ND, not determined. 
